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Abstract 

Purpose In order to reduce its environmental impact, the 
chemical industry no longer produces base chemicals such 
as ethylene, solely from fossil, but also from biomass-based 
feedstocks. However, a biomass option suitable for one 
region might not be as suitable for another region due to, 
e.g., long transport and the related environmental. There¬ 
fore, local biomass alternatives and the environmental im¬ 
pact related to the production of chemicals from these 
alternatives need to be investigated. This study assesses 
the environmental impact of producing ethylene from Swedish 
wood ethanol. 

Methods The study was conducted following the methodol¬ 
ogy of life cycle assessment. The life cycle was assessed 
using a cradle-to-gate perspective for the production of 
50,000 tonnes ethylene/year for the impact categories global 
warming, acidification (ACP), photochemical ozone creation, 
and eutrophication (EP). 

Results and discussion The production of enzymes used 
during the life cycle had a significant effect on all investi¬ 
gated impacts. However, reduced consumption of enzyme 
product, which could possibly be realized considering the 
rapid development of enzymes, lowered the overall environ¬ 
mental impact of the ethylene. Another approach could be to 
use alternative hydrolyzing agents. However, little information 
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on their environmental impact is available. An additional 
key contributor, with regard to ACP, EP, and POCP, was 
the ethanol production. Therefore, further improvements 
with regard to the process’ design may have beneficial 
effects on its environmental impact. 

Conclusions The study assessed the environmental impact 
of wood ethylene and pointed to several directions for 
improvements, such as improved enzyme production and 
reduced consumption of enzyme products. Moreover, the 
analysis showed that further investigations into other process 
options and increase of ethylene production from biomass are 
worth continued research. 

Keywords Biomass-based chemicals • Ethylene • Life cycle 
assessment • Wood ethanol 


1 Introduction 

1.1 General introduction 

In recent years, we have seen a significant development of 
biofuels in the transport sector, aiming at the reduced con¬ 
sumption of finite fossil oil and the related release of emis¬ 
sions. For example, biodiesel production increased from 3.4 
million tonnes globally in 2005 to 18.1 million tonnes in 
2011 (Naumann 2011). In addition, bioethanol production 
increased from 24.7 million tonnes globally to 69.7 million 
tonnes (Naumann 2011). And although the transport sector 
is one of the major consumers of oil (in 2009 transport 
accounted for 61.7 % of the world’s oil consumption) 
(International Energy Agency (IEA) 2011), there are also 
other sectors operating on fossil resources such as the chem¬ 
ical industry. The latter accounts for approximately 8 % of 
the global oil consumption (Gottschlich 2004) and thus has 
potential for reducing the consumption of fossil resources 
and the release of related emissions. 
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In fact, the chemical industry is aware of this potential 
and has already started using biomass-based feedstocks for 
selective production processes. For example, the Brazilian 
company Braskem uses sugarcane ethanol in order to pro¬ 
duce the base chemical ethylene (Braskem 2011; accessed 
September 11, 2011). However, although being renewable, 
several studies have shown that sugarcane ethanol can have 
considerable indirect environmental consequences, which 
could negatively influence its overall climate change miti¬ 
gation effect. For example, Gao et al. (2011) concluded that 
indirect land use change (ILUC) effects for biofuels such as 
Brazilian sugarcane ethanol is an issue that cannot to be 
neglected in assessments and Lapola et al. (2010) found that 
emissions from ILUC could add another 40 years to the 
carbon payback time of sugarcane ethanol. 

Another factor needed to be considered with sugarcane 
ethanol, especially from a European perspective, is the ab¬ 
sence of close-by, large-scale production areas of sugarcane 
leading to long transport distances, and related negative 
environmental impact (Liptow and Tillman 2012). For these 
reasons local European feedstocks, available in abundant 
quantities, are of interest. A possible solution currently 
being discussed and developed is the use of lignocellulosic 
crops or by-products. This approach is particularly interest¬ 
ing for Northern European countries, such as Sweden, since 
the latter not only has a vast forestry industry with all its by¬ 
products (“one of the major forest industry globally” (Swedish 
Forest Industries Federation 2010)) but also a petrochemical 
industrial cluster, largely based on ethylene. In addition, 
Sweden has an ethanol demo-plant investigating the conver¬ 
sion of woody biomass to ethanol (SEKAB accessed March, 
26th 2012). Therefore, Swedish production of ethylene from 
wood ethanol is a conceivable option in 5 to 10 years time. It is 
a range that leaves room for improvements regarding the 
environmental impact of such a production chain before an 
actual industrial scale implementation. The latter can be 
supported by environmental assessments, such as life cycle 
assessment, that assess possible scenarios for the production 
of ethylene from Swedish wood ethanol and identify related 
environmental key contributors (life cycle activities contrib¬ 
uting significantly to the environmental impact). 

This study assesses one such scenario using life cycle 
assessment (LCA) for the production of 50,000 tonnes/year 
(t/year) ethylene from wood-based ethanol via enzymatic 
hydrolysis and fermentation. The capacity was based on 
communications with industrial actors, which stated that to 
be of industrial relevance for downstream applications a 
quantity of at least 50,000 t ethylene/year would be needed. 

The focus of the assessment is on the identification of 
possible environmental key contributors and hence areas 
where further development is needed, from an environmental 
point of view. 


The information provided by the study is of significant 
importance for the further development and implementation 
of biomass-based ethylene in Sweden and regions with 
comparable conditions. 

1.2 Selection of feedstock option 

The study aims at assessing a possible near-term (5 to 
10 years) production of renewable ethylene in Sweden 
based on wood ethanol. For this purpose, a scenario was 
constructed which aims at representing a potentially feasible 
situation in a 5- to 10-year time frame. 

When constructing the scenario, consideration was given 
to possible scale of production in relation to feedstock 
potentials. However, the competing uses for biomass and 
related possible market development were not analyzed. 

The following factors were considered for the selection 
of a feedstock for the scenario: 

The feedstock needs to be available in sufficient quantities. 
“Sufficient” in this study means to cover the production of 
50,000 tonnes ethylene/year. 

The feedstock needs to be readily available in terms of 
an already existing production infrastructure. 

The feedstock needs to be as homogenous as possible in 
order to enable a consistent ethanol yield. 

The characteristics of three possible candidate feedstocks 
are presented in the selection scheme in Table 1. It was 
concluded that, though all candidates could fulfill the quantity 
criterion 1 * , sawmill residues have the best perspective with 
regard to accessibility and homogeneity. For this reason, 
sawmill residues and in particular sawmill chips, which are 
the biggest volume fraction of these residues (Andersson 
1996), were used in this study to assess the production of 
biomass-based ethylene in Sweden. 

2 Materials and methods 

2.1 Goal and scope 

The purpose of this LCA was to assess the environmental 
impact of a possible future-state in which ethylene is pro¬ 
duced from sawmill chips at an industrially relevant scale, 
with focus on the identification of possible environmental 
key contributors. The route studied was via fermentation to 
ethanol followed by dehydration to ethylene. The assess¬ 
ment followed the ISO standard for LCA (2006) and an 


1 Wood needed to produce 50,000 tonnes ethylene is ~4.5 x 10 5 tonnes 

(dry matter content 50 %) (unallocated). 
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Table 1 Data considered for selection of feedstock 




Tops and branches 

Wood from pre-commercial thinning 

Sawmill residues 

Capacity 

Harvested in 2009 

115,095 ha~4x 10 6 tonnes DM a 

(Skogsstyrelsen 2010), (personal 
communication with H. Eriksson, 
Skogsstyrelsen, October 2010) 

Potential 

5 x 10 6 tonnes DM/annually 
(Nordfjell et al. 2008) 

Produced in 2008 (for pulp and wood 
panel industry) 

11.6 x 10 6 m 3 f ub ~5 x 10 6 tonnes DM b 
(Skogsstyrelsen 2010; Lehtikangas 1999) 

Accessibility 

Can be harvested together with commercial 
harvesting (personal communication with 
D. Athanassiadis, Dept, of Forest 
Resource Management at the Swedish 
University of Agricultural Science, 

Umea, Sweden, December 2010) 

Need for extra infrastructure; not located 
together with commercial harvested 
wood (personal communication with D. 
Athanassiadis, Dept, of Forest Resource 
Management at the Swedish University 
of Agricultural Science, Umea, Sweden, 
December 2010) 

Readily accessible at sawmills 

Homogeneity 

Very inhomogeneous (personal 

Very inhomogeneous (personal 

Relatively homogenous in comparison to 


communication with D. Athanassiadis, 
Dept, of Forest Resource Management at 
the Swedish University of Agricultural 
Science, Umea, Sweden, December 
2010) 


communication with D. Athanassiadis, 
Dept, of Forest Resource Management at 
the Swedish University of Agricultural 
Science, Umea, Sweden, December 
2010) 


the other two options (personal 
communication with D. Athanassiadis, 
Dept, of Forest Resource Management 
at the Swedish University of 
Agricultural Science, Umea, Sweden, 
December 2010) 


a Extraction rate 30 DM tonne/ha (Eriksson); DM dry matter 
m f ub=cubic meters solid volume excluding bark; DM density 410 kg/m3 (Lehtikangas 1999) 


attributional LCA approach was used, implying average 
electricity supply data and allocation through partitioning 
following Tillman (2000). A reference group consisting of 
stakeholders along the life cycle followed and reviewed 
the assessment. 

2.1.1 Ethanol production process 

The ethanol production process assessed here, simultaneous 
saccharification and fermentation (SSF) after enzymatic 
hydrolysis of lignocellulosic biomass, has not yet been 
implemented on an industrial scale. However, pilot plants 
do exist, and the implementation could take place within the 
next 5 to 10 years. This time frame allows for further de¬ 
velopments of the enzyme products used in the process, 
such as increasing their activity and consequently reduce 
their consumption. For example, the latest generation of 
cellulase (enzyme) products is 50 % more efficient than 
the previous generation, which was launched only 2 years 
ago (Novozymes 2012; accessed February 23, 2012). An¬ 
other factor that could lead to optimizing (minimizing) the 
consumption of enzyme product is economic viability. It 
could lead development to reduce the consumption even 
further than what is currently investigated. Reductions about 
five times and more due to overall process economics (per¬ 
sonal communication with Johan Borjesson, Novozymes, 
Bagsvaerd, Denmark, July 2011) might occur. Following 
these considerations, the ethanol process was assessed with 


enzyme product consumptions based on current product 
specifications (lower and higher end activity) as well as 
possible future consumptions (the latter were estimated by 
lowering the current consumptions by a factor eight for 
the lower end activity product and by six times for the 
higher end activity product). Apart from the difference in 
enzyme consumption, the scenario used for the assessment 
was as follows: 

Three ethanol plants surrounded by several sawmills 
that are located in the middle, and at the east coast of 
Sweden (Fig. 1) were assumed to be required to supply 
the ethanol needed to operate a central ethylene plant 
located in Stenungsund (Sweden). Multiple ethanol plants 
were assumed here, since several sawmills are needed to 
supply the necessary amount of sawmill chips. The con¬ 
struction of several smaller ethanol plants may, therefore, 
be more likely than one big central plant in order to, e.g., 
reduce transportation costs. The ethanol plants were as¬ 
sumed to be located close to sawmills that are relatively 
far-off from other customers like, e.g., pulp and paper 
mills. The ethylene plant was assumed to be located in 
Stenungsund (Sweden), since Stenungsund is the central 
chemical production site in Sweden. 

2.1.2 Data sources 

For all steps from forestry to sawmill chips production, 
current Swedish data were used, assuming no significant 
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Fig. 1 Life cycle of Swedish wood ethanol-based ethylene; transport omitted from figure for clarity reasons but included in the assessment 


changes in the coming 5 to 10 years. Due to the absence 
of industrial scale data for the ethanol production, process 
data was generated with the process simulation software 
Aspen Plus®. Producer data (personal communication 
with Nielsen, A.M., Novozymes, Bagsvaerd, Denmark, 
May-June 2011) was used for the production of the en¬ 
zymes. Since the data provided were too highly aggregat¬ 
ed to derive data distinguishing between current and 
future production, the same production impact data were 
used for the current and the potential future scenarios. For 
the chemicals and nutrients (S0 2 , molasses, (NH 4 ) 2 HP0 4 , 
H 3 P0 4 , NH 3 ) consumed during the ethanol production, 
data from the LCA software SimaPro 7.2 (Ecoinvent v 2. 
2.) (Pre Consultants 2011) were applied. After being 
verified with the process simulator Aspen Hysys® 
(Liptow and Tillman 2009) the dehydration of the ethanol 
to ethylene was assessed using literature data (Kochar et 
al. 1981; Barrocas and Lacerda 2007). Regarding produc¬ 
tion of the electricity consumed by the different processes 
in the life cycle, data from the current average Swedish 
electricity supply were used as stated in Borjesson et al. 
(2010), assuming no major changes in the mix for the 
time frame assessed. This was based on projections pub¬ 
lished by the IEA (International Energy Agency) (2008). 


2.1.3 Impacts assessed 

The following potential environmental impacts were assessed: 

Global warming (only C0 2 from fossil sources was 
accounted for, biogenic C0 2 was considered carbon 
neutral and thus not accounted for) 

- Acidification 

- Eutrophication 

- Photochemical ozone creation 

The functional unit is 50,000 t/year ethylene at the gate of 
the production plant. 

2.2 Inventory 

2.2.1 Timber production (forestry) 

The production of the timber was assessed using data for 
an averaged 1 m3s.u.b. (cubic meter solid under bark) 
produced in Sweden according to Berg and Lindholm 
(2005) and Lindholm (2006). The data (Table 2) includes 
all operations from seedling production, site preparation, 
regeneration, cleaning and logging operations as well as 
the delivery of the timber to the mills (Berg and Lindholm 
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Table 2 Inventory for forestry 



Quantity 

References 

Input 

Primary energy 

183.90 MJ/m 3 s.u.b. a 

(Lindholm 2006) 

Product output 

Round wood 

1 m s.u.b. 

(Lindholm 2006) 

Emission including 
upstream for 
energy carriers 

C0 2 

12.52 kg/m 3 s.u.b. 

(Lindholm 2006) 

NOx 

0.12 kg/m 3 s.u.b. 

(Berg and Lindholm 
2005) 

S0 2 

4.9 x 10‘ 4 kg/m 3 s.u.b. 

(Berg and Lindholm 
2005) 

HC 

0.01 kg/m3 s.u.b. 

(Berg and Lindholm 
2005) 

CO 

0.03 kg/m 3 s.u.b. 

(Berg and Lindholm 
2005) 

ch 4 

1.0x1 O' 3 kg/m 3 s.u.b. 

(Berg and Lindholm 
2005) 

n 2 o 

8.8 x 10*‘ 4 kg/m 3 s.u.b. 

(Berg and Lindholm 
2005) 


a s.u.b. solid under bark 


2005). Berg and Lindholm (2005) also consider the produc¬ 
tion of all energy carriers, ancillary materials and nitrogen 
production as well as nitrogen leakage. No further chemicals 
such as pesticides or phosphorous and potassium fertilizer are 
considered, since they are commonly not applied in Swedish 
forestry (Gonzalez-Garcia et al. 2009). 

2.2.2 Sawmill chips production 

Sawmills consume both heat and electricity. However, the 
heat is used to dry the timber, a process which the sawmill 
chips do not undergo (Andersson 1996). For this reason, no 
heat was allocated to the sawmill chips. 

The electricity consumption of the mills was estimated at 
95 kWh e i/m sawn timber based on data from Naturvardsverket 
(Naturvardsverket Swedish EPA 2010). The emissions 
resulting from the production of this electricity were partitioned 
between the sawmill chips and the other products of the mills 
based on price (other products are: sawn timber, dry chips, saw 
dust and bark and shavings; dry chips and bark and shavings 
were assumed to have the same price as sawmill chips) (see 
Table 3 for more details). 

2.2.3 Ethanol production 

The conversion of the sawmill chips to ethanol via fermen¬ 
tation and all related processes was simulated in Aspen 
Plus®. This simulation delivered the on-site emission data 


for the process. The fermentation also consumed enzymes 
and various nutrients produced off-site. The environmental 
impact of the latter was assessed using data from Ecoinvent 
v.2.2, SimaPro 7.2 (PRe Consultants 2011). 

Since the production of the ethanol results in various co¬ 
products, the overall environmental impact of the process 
was partitioned on a price basis between the different products 
(Table 4). 

2.2.4 Process simulation model for ethanol production 

The process model for the ethanol fermentation and all 
related processes was set up in Aspen Plus® (note, the 
model used is only one out of various possible process 
configurations). A full model description can be found in 
Barta et al. (2010a; b) and Sassner et al. (2008). 

Each modeled plant has a capacity of 25,000 kg dry 
chips/h (200,000 tonnes dry chips/year) (Barta et al. 
2010a). The process sequence starts with S0 2 -eatalyzed 
steam pretreatment, followed by SSF. The latter consists of 
enzymatic hydrolysis (enzyme dosage 221 x 10 6 filter paper 
unit (FPU)/h ) and fermentation with baker’s yeast. The 
resulting fermentation broth (ethanol concentration 3.5 % 
(wt)) is distilled, delivering ethanol (top product of distilla¬ 
tion) and stillage (bottom product of distillation). The etha- 
nol is further purified to 99.8 % (wt) in molecular sieves 
(Barta et al. 2010b). The stillage is digested anaerobically, 
producing biogas, followed by an aerobic digestion of the 
remnant, which results in sludge and waste water. The latter 
is treated with ozone and recycled into the process. 

The energy demand of the processes is covered by 
combusting part of the produced biogas and the sludge 
coming from the aerobic digestion (Barta et al. 2010b). 

2.2.5 Enzyme production 

For the enzyme production, the producer provided data as 
aggregated cradle-to-gate impact data (personal communication 

One filter paper unit for cellulase enzymes according to Ferreira et al. 
(2009) is “the amount of enzyme that releases 1 micromole glucose per 
minute during hydrolysis reaction” and can be used to describe the 
activity of the enzyme. The enzyme product assessed in this study, 
however, does not only contain the enzyme but also some formulation 
materials. For this reason 1 g of enzyme product does not necessarily 
equal 1 g of enzyme rather it may vary for different products and 
product generations. The stated FPU dosage was, therefore, only used 
to calculate the enzyme product consumption for the current scenarios, 
since only data for current FPU/g enzyme product were available. For 
the future consumption scenarios, however, simplified estimates of 
possible future enzyme product consumptions were made, without 
the intention to project. 

3 This high purity is not necessary for the production of ethylene. 
However, the model was set up to simulate production of biofuels, 
which require this high concentration. 
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Table 3 Sawmill inventory data 


a kWh e i kilowatt hour electricity 

b m 3 s m 3 stjalpt (loose volume); 
conversion factor m s to m f ub= 
0.37 (personal communication with 
S. Joshi at Swedish Forestry 
Agency, Jonkoping, Sweden, 
January, 23rd 2013) 


Input 

Quantity 



References 

Electricity 

95kWh el 

/m 3 sawn timber a (weighted average) 

(Naturvardsverket Swedish 2010) 

Round wood 

2.1 m s.u.b./m sawn 

timber 

(Skogsstyrelsen 2010) 

Product output 

Sold quantities 

Price 

References 

Sawn timber 

100,000 

'j 

m /year 

1,886 SEK/m 3 

(Andersson 1996; Skogsstyrelsen 2010) 

Sawmill chips 

170,000 

m s /year 

451 SEK/m 3 f ub 

(Andersson 1996; Skogsstyrelsen 2010) 

Dry chips 

20,000 

m s/year 



Saw dust 

64,400 

m s/year 

1,176 SEK/ m 3 f ub 

(Andersson 1996; Skogsstyrelsen 2010) 

Bark/shaving 

4,200 

m s/year 




with Nielsen, A.M., Novozymes, Bagsvaerd, Denmark, 
May-June 2011). The data represent Danish production 
under natural gas electricity supply for the global warming 
potential (GWP) and US production data under natural gas 
electricity supply for the acidification potential (ACP), 
photochemical ozone creation potential (POCP) and eutro¬ 
phication potential (EP) (see Table 5 for data). Due to their 
high level of aggregation, data could not be adapted to 
represent production under average Danish electricity 
supply. This may have resulted in slight underestimate for 
the investigated impacts, though the trend in results was 
expected to be comparable to Danish production under 
average electricity. 

2.2.6 Ethylene production 

The production of the ethylene from ethanol was assessed 
using data from Liptow and Tillman (2012) (Table 6). In this 
study, though, the electricity supply was taken as Swedish 
average electricity (Borjesson et al. 2010). 


2.2.7 Transport activities 

It was assumed that the distance ranges were between 30 
and 50 km for the transport of the sawmill chips to the 
ethanol plants. The means of transport assessed was trucks 
with semitrailers according to the Network for Transport and 
the Environment (NTM 2011; accessed April 6, 2011) (see 
Table 7 for transport emissions). 

For the fermentation process, it was assumed that enzymes 
are delivered by Novozymes, Kalundborg (Denmark) (dis¬ 
tances between Kalundborg and the three ethanol plants: 
490, 850, and 1,200 km). The nutrients consumed were 
assumed to originate from Yara in Koping (Sweden), apart 
from the molasses that was assumed to be delivered by 
Nordic Sugar AB (Mahno, Sweden). The resulting trans¬ 
port distances for the nutrients are 250 km, 200 km and 
470 km. For the molasses transport the distances to the 
ethanol plants are: 350, 710, and 1060 km. All transport 
was assessed using data from NTM (NTM 2011; accessed 
April 6, 2011). 


Table 4 Inventory data 
for ethanol production 

Input 

Quantity 

Process emissions 



NH 3 (25 %) 

882 kg/h 

NO x 17,99 kg/h 



H 3 P0 4 (50 %) 

58 kg/h 

S0 2 16,65 kg/h 



(NH 4 ) 2 HP0 4 

74 kg/h 

CO 5.93 x 10‘ 4 kg/h 



Molasses 

886 kg/h 

N 2 0 1.41 xicr 3 kg/h 



Enzymes 

221 x 10 6 FPU/h 



a Data with regard to the 

S0 2 a 

641 kg/h 



environmental impact of 

Chips (50 % DM)) 

25,000 kg/h 



magnesium sulfate 
(MgS0 4 ) production 

MgS0 4 a 

4 kg/h 



were not found. 

Product output 

Quantity 

Price 

Reference 

Therefore, production of 

Electricity 

5.4 MW 

855 SEK/MWh 

(Statistics Sweden accessed 

MgS0 4 could not be 
considered in the as¬ 
sessment. Data for the 

District heating 

31.1 MW 

747 SEK/MWh 

March 7, Statistics 2011) 

(Svensk Fjarrvarme (Swedish 
district heating) (2011)) 

production of S0 2 were 
only found expressed as 

Ethanol 

6,177 1/h 

5.5 SEK/1 


C0 2 eq. Therefore, S0 2 

C0 2 

5,153 kg/h 

0.03 SEK/kg 


production is only 
considered under GWP. 

Biogas 

1,906 kg/h 

11.7 SEK/m 3 

(E-On accessed March 7 (2011) 
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Table 5 Life cycle data for enzyme production 


Impact 

Potential 

Unit 

GWP a 

9,000.0 

g C0 2 eq/kg enzyme product 

ACP b 

56.0 

g S0 2 eq/kg enzyme product 

POCP c 

3.8 

g ethylene eq/kg enzyme product 

EP d 

15.0 

g P0 4 eq/kg enzyme product 

Fossil energy 

120 

MJ/kg enzyme product 


a GWP global warming potential 
b ACP acidification potential 
c POCP photochemical ozone creation potential 
d EP eutrophication potential 

Data from NTM (2011) (accessed April 6, 2011) were 
also used for the transport of the ethanol from the different 
plants to the ethylene production site in Stenungsund 
(Sweden). Trucks with semitrailers were assumed to cover 
the transports of 290 km, 430 km and 800 km. 

3 Results and discussion 

The aim of this study was to assess the environmental impact 
of an ethylene production from Swedish wood ethanol via 
fermentation in a scale relevant to industrial downstream 
applications. The focus was on the identification of possible 
environmental key contributors. 

The study showed that the off-site production of enzymes 
under current enzyme product specifications and consump¬ 
tions is the key contributor to all investigated impacts (GWP, 
ACP, EP, and POCP) (Fig. 2). This was also observed for the 
assessment under decreased consumptions. However, with 
these lowered consumptions, the impact of the enzyme pro¬ 
duction, and its contribution on the overall impacts decreased 


Table 7 Emission data truck transport 


Emission 

Quantity 

References 

C0 2 

0.06 kg/tkm 

NTM (accessed April 6, 2011) 

NO x 

0.46 g/tkm 

NTM (accessed April 6, 2011) 

HC 

2.00 x 10‘ 2 g/tkm 

NTM (accessed April 6, 2011) 

CO 

0.13 g/tkm 

NTM (accessed April 6, 2011) 


significantly from a share of approximately 90 % for the 
highest consumption, to a share of approximately 60 % under 
the lowest consumption (Fig. 2). This demonstrates that im¬ 
provements with regard to consumption of the enzyme prod¬ 
uct are highly relevant for the environmental performance of 
wood ethanol-based ethylene using an enzymatic hydrolysis 
fermentation route. 

Another key contributor was the ethanol production 
(including all steps from pre-processing, fermentation, and 
distillation). It contributes considerably to the ACP, EP, and 
POCP of the ethylene life cycle and shows that process design 
improvements are of relevance for continued research. More¬ 
over, it needs to be considered that our study assessed a 
process set up for the production of anhydrous ethanol. The 
latter however, may not be necessary and hydrous ethanol 
could be of sufficient quality for the production of ethylene. 
This could lead to energy savings of approximately 5 % in the 
ethanol production, which would be of relevance especially to 
the EP and POCP of the ethylene. 

The results indicate that enzyme production is the major key 
contributor, although there appears to be considerable room for 
improvement with regards to the consumption of the enzyme 
product. In the consumption scenarios considered in this study 
impacts decrease by approximately four to six times from the 
highest to the lowest product consumption. This motivated us 
to compare our results for enzyme production with results in 


Table 6 Inventory ethylene 
production 



Quantity 

References 

Input 



Ethanol 

1.74 kg ethanol/kg ethylene 

(Kochar et al. 1981; Liptow and Tillman 2009) 

Electricity 

1.12MJ el /kg ethylene 

(Kochar et al. 1981; Liptow and Tillman 2009) 

Internal fuel 

3.74 MJ/kg ethylene 

(Kochar et al. 1981; Liptow and Tillman 2009) 

External fuel 

1.68 MJ/kg ethylene 

(Kochar et al. 1981; Liptow and Tillman 2009) 

Product output 



Ethylene 

1 kg 


Process emissions 



co 2 

92.5 g/kg ethylene 

(Liptow and Tillman 2012) 

NO x 

0.8 g/kg ethylene 

(Liptow and Tillman 2012) 

so 2 

0.01 g/kg ethylene 

(Liptow and Tillman 2012) 

HC 

8 x 10‘ 5 g/kg ethylene 

(Liptow and Tillman 2012) 

CO 

5 x 10‘ 3 g/kg ethylene 

(Liptow and Tillman 2012) 
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Global Warming Potential 100 



Eutrophication Potential 



H Ethylene production □ Ethanol production 
E3 Enzymes fermentation ■ Sawmill chips production 
HO Chemicals fermentation DWood production 

Fig. 2 Impact potentials of sawmill chips based ethylene; Cl enzyme 
product consumption with current lower end activity; C2 enzyme 
product consumption with current higher end activity; FI enzyme 

literature. Moreover, since our findings could also be of impor¬ 
tance for the production of Swedish wood-based ethanol, we 
compared them with a study for ethanol production based on 
Swedish willow. In addition we evaluated other process options 
for the ethanol production process including acid hydrolysis, 
and alternative pretreatment processes. 

3.1 Impact of enzyme production and comparison 
with ethanol based on Swedish willow 

Due to its significant impact, the robustness of the results for 
the enzyme production is of special importance. For this 
reason our results were compared to results derived by Slade 
et al. (2009), who assess the GWP of ethanol production via 
enzymatic fermentation of spruce chips. Starting with a 
comparison of the enzyme dosage (FPU/h), the FPU dosage 


Acidification Potential 



Photochemical Ozone Creation Potential 



product consumption estimated eight times lower than C1; F2 enzyme 
product consumption estimated six times lower than C2 

assessed for our current consumption scenarios (221 xlO 6 
FPU/h) is similar to the dosage used by Slade et al. (2009) 
(234xlO 6 FPU/h). However when comparing the GWP 
related to enzyme production in these scenarios with Slade 
et al. (2009), we derive higher GWPs. Only the future 
lowest consumption scenario has a GWP (0.3 kg C0 2 eq/kg 
ethanol) comparable to the one reported by Slade et al. 
(2009) (approximately 11 kg C0 2 eq/GJ ethanol or 0.3 
C0 2 eq/kg ethanol). A possible explanation for this could 
be the difference in data used. While we use data provided 
by the producer, Slade et al. (2009) derive their impact data 
by developing their own model. The assumptions and 
choices of the latter cannot be compared to the ones used 
by the producer due to lack of detailed information for the 
producer data. However, despite possible model differences 
and differences in GWP, also Slade et al. (2009) find that the 
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production of enzymes contributes significantly to the over¬ 
all GWP of wood ethanol, supporting our findings. Another 
finding from the comparison is the need for further investi¬ 
gation into the impact of enzyme production, since data tend 
to vary considerably between studies. This could also in¬ 
clude investigations with regard to real-life production pro¬ 
cesses, since the latter are under continuous and rapid 
development, possibly making current assessments, including 
this study, too conservative. 

Since our findings for the key contributors could be of 
relevance for the production of Swedish wood-based ethanol 
as well, a comparison with related studies was performed to 
provide insights on this issue. We compared our key contrib¬ 
utors with the ones identified in a recent study of Gonzalez- 
Garcia et al. (2012). They assess the production of Swedish 
ethanol for E85 (85 % (v/v) ethanol) from short rotation 
willow, using electricity data for the Swedish national elec¬ 
tricity grid and allocating based on economic value, which is 
very similar to the choices applied in our study. However in 
contrast, they assess the production of enzymes as on-site, and 
use data adopted from Aden et al. (2002) for the ethanol 
production process. 

Gonzalez-Garcia et al. (2012) find that the on-site pro¬ 
duction of enzymes is a relevant contributor to the GWP. 
This shows that not only under off-site, as assessed in our 
study, but also under on-site production enzymes is of 
importance and could play a considerable role in the envi¬ 
ronmental impact of Swedish wood ethanol. A further key 
contributor to GWP, POCP and ACP as reported by 
Gonzalez-Garcia et al. (2012) is the ethanol production. 
While we have similar results for the ACP and POCP, 
ethanol production has no significant impact on our GWP. 
This difference between the studies is due to the different 
approach for the carbon uptake and release by biomass. 
Gonzalez-Garcia et al. (2012) account for the carbon re¬ 
leased from the combustion of biomass-based by-products 
and wastes during ethanol production while also accounting 
for the carbon uptake during the biomass growth. In con¬ 
trast, we do neither account for the uptake nor the release of 
carbon from biomass, which overall will lead to the same 
net GWP when comparing to the approach applied by 
Gonzalez-Garcia et al. (2012). However, with regard to 
key contributors the choice of approach can be of importance 
and reveal additional hot spots. 

Another difference in key contributors is the impact of 
the forestry phase. Gonzalez-Garcia et al. (2012) find that 
the willow production phase (forestry phase) is of major 
importance to almost all investigated impacts. However, we 
found that forestry activities have no considerable part in 
our findings, which is based on the fact that the woody 
feedstock assessed is a by-product and not dedicated wood 
as investigated by Gonzalez-Garcia et al. (2012). The result 
is a small share of the feedstock on the environmental 


burdens caused by the forestry phase. Nevertheless, the 
difference reveals the influence of the biomass choice on 
the key contributors, which could be of importance when 
choosing feedstocks and improvement measures. 

3.2 Acid hydrolysis and pretreatment alternatives 

The assessed route, via enzymatic hydrolysis, is currently in 
the focus of Swedish research efforts. However, there are also 
other hydrolysis options such as concentrated acid and dilute 
acid hydrolysis. With regard to the latter, Slade et al. (2009) 
show that dilute acid hydrolysis has a lower GWP than the 
enzymatic process. However, the costs for this process are not 
to be underestimated since corrosive-resistant equipment is 
needed (Galbe et al. 2007) and ethanol yields are low due the 
formation of toxic compounds (Galbe and Zacchi 2007; 
Verardi et al. 2011; Wesolowski 2005). The latter are less of 
an issue for the concentrated acid hydrolysis that shows higher 
ethanol yield (Wesolowski 2005). However, the corrosive ef¬ 
fect of the acid and its energy-intensive recovery (Jeihanipour 
2011) again lead to considerable cost estimates in the literature. 
Concerning the environmental impact of the concentrated acid 
process, no literature was found to make a direct comparison 
with the enzymatic process. Nevertheless, Uihlien et al. (2009) 
show that the production of the acid has a significant share on 
the environmental impact of the ethanol production. 

Apart from the hydrolysis, another important process 
during the conversion from biomass to ethanol is the 
pretreatment, which serves to break the structure of the 
lignocellulosic biomass and to make it accessible to the 
hydrolyzing agent (Huang et al. 2011). In this study, steam 
pretreatment was assessed. However, there are also other 
methods such as ammonia fiber explosion (AFEX), ionic 
liquid (IL) and organosolv pretreatment. Since these pro¬ 
cesses are at different stages of maturity, data regarding their 
environmental impact are available to a different extent. For 
example, Lui et al. (2012) just recently stated that for the IL 
process further investigations with regard to its environmen¬ 
tal impact are needed. Lack of assessments is also an issue 
for the organosolv process. However, energy-intensive re¬ 
covery of the cost-intensive solvents used in some variations 
of the process (Zhao et al. 2009) might influence the envi¬ 
ronmental impact of the organosolv pretreatment consider¬ 
ably. With regard to the environmental impact of AFEX 
pretreatment, MacLean et al. (2009) found that the global 
warming impact of switch grass ethanol produced with 
AFEX is comparable to a dilute acid pretreatment route 
(total GWP AFEX 27 g C0 2 eq/MJ ethanol; total GWP 
dilute acid pretreatment 29 g C0 2 eq/MJ ethanol). Moreover, 
they found that ammonia is a major contributor to the AFEX 
route’s total GWP. This could become of special relevance 
for woody materials, since they require high ammonia loads 
in order to degrade (Bals et al. 2011). 
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4 Conclusions 

The study has shown that the production of the enzymes 
used for the hydrolysis of the sawmill chips is decisive for 
the environmental impact of the wood-based ethylene. How¬ 
ever, its contribution to the overall environmental impact 
would be significantly lowered if improvements were ac¬ 
complished with regard to consumption (e.g., by improved 
product properties) and/or environmentally improved pro¬ 
duction processes. This makes further developments in this 
direction desirable and enzyme producers are already heading 
into this direction. 

In addition to the enzymatic hydrolysis, other process 
options may also be considered. Literature, though scarce, 
suggests that hydrolysis with dilute acid can be environmen¬ 
tally preferable when compared to enzymatic hydrolysis. 
However, since this is based on only one study, further 
confirmation is needed. 

Furthermore, the scarcity of environmental assessments 
is also an issue for other pretreatment methods, and their 
environmental impact. This is mainly due to their high 
energy demanding recovery processes, which may only be 
estimated for industrial scale volumes. 

Also worth further investigations would be the ethanol 
production process. For instance, production of ethylene from 
ethanol does not necessarily require anhydrous ethanol, and the 
use of ethanol with a lower purity level would lead to recog¬ 
nizable energy savings, and lower environmental impacts. 

Another point of interest for future investigations is the 
question of production scale under local feedstock supply. 
This study assessed a scale accounting for approximately 
8 % of the total Swedish ethylene production. However, in 
the end, issues such as decreased availability of fossil re¬ 
sources, and competition for biomass will influence the need 
for large volume biomass alternatives. This could introduce 
additional environmental issues not detectable in small-scale 
scenarios. In addition, a further aspect worth considering 
when investigating feedstock supply is the difference in 
impact between items such as wood residues and dedicated 
wood, since it could influence the overall impact of the 
ethylene or other products considerably. 
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